Strong EPR-steering with unconditional entangled states 
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In 1935 Schrodingcr introduced the terms entanglement and steering in the context of the famous 
gedanken experiment discussed by Einstein, Podolsky, and Rosen (EPR). Here, we report on a 
sixfold increase of the observed EPR-steering effect as quantified by the Reid-criterion. We achieved 
an unprecedented low co-variance product of about 0.04 < 1, where 1 is the upper bound below 
which steering is present. The steering effect was observed on an unconditional two-mode-squeezed 
entangled state that contained a total vacuum state contribution of less than 8%, including detection 
imperfections. Together with the achieved high interference contrast between the entangled state 
and a bright coherent laser field, our state is compatible with efficient applications in high-power 
laser interferometers and fiber-based networks for entanglement distribution. 



Ever since the landmark article by A. Einstein, 
N. Podolsky, and B. Rosen (EPR) Q was published, en- 
tanglement has been demonstrated in a large variety of 
physical systems 0-0] ■ Recent theoretical and experi- 
mental work in quantum information j8l-[l0| has sparked 
an interest in EPR steering, an effect that can be ob- 
served only in a distinct subset of the class of entan- 
gled states. The term itself was already coined by E. 
Schrodingcr in 1935 [Tl| in response to the original EPR 
gedanken experiment. 

The steering effect can be described as follows. One 
party, Alice, repeatedly sends a defined physical system 
to another party, Bob. She then proves to Bob that she 
can predict his measurement outcomes on this system 
with more precision than would be possible for a sepa- 
rable state. In the actual case of shared entanglement, 
Bob would find rather broad distributions of his measure- 
ment results for two non-commuting observables. When 
he evaluates the discrepancies between Alice's predictions 
and his measurement results, however, Bob realizes that 
the according mutual uncertainties are less than allowed 
for a pure separable minimum uncertainty state, as quan- 
tified by Hciscnbcrg's uncertainty principle. It there- 
fore seems that Alice accomplishes a phase space steering 
of the measurement outcomes at Bob's side, merely by 
performing measurements on her subsystem. Of course, 
other than the term steering might suggest, in the course 
of Alice's measurements no information is sent to Bob's 
subsystem. Only when she sends her predictions, Bob re- 
alizes that her knowledge exceeds the fundamental limit 
for a separable state and its non-commuting observables, 
such as position and momentum. 

EPR as well as Schrodingcr considered the example of 
an idealized, pure bipartite entangled state of continu- 
ous variables (CV). In 1989, M. D. Reid proposed a crite- 
rion that captures the distinct steering as a property of 
EPR entanglement for non-idealized Gaussian, continu- 
ous variable systems, i.e. for decohered, mixed Gaussian 
states [II] ■ Using her criterion, the first demonstration of 
EPR steering was achieved by Z. Y. Ou et al. in 1992, fol- 
lowed by several other experiments in the CV regime 
[HI ]. In 2003, W. P. Bowen et al. experimentally demon- 



strated in the Gaussian regime that EPR entanglement is 
indeed more demanding than just establishing entangle- 
ment [l||. In 2004 J.C.Howell demonstrated the EPR 
paradox for continuous variables of single photons us- 
ing post-selection [19| . A review on these experiments 
is g iven in [2(|. More recently, E. G. Cavalcanti et al. 
[2ll . |22| derived criteria for non-idealized discrete sys- 
tems, and H. M. Wiseman and co-workers developed a 
general theory of experimental EPR-steering criteria ap- 
plicable to discrete as well as continuous- variable observ- 
ables @, @ . It was shown that the Reid criterion men- 
tioned above can be re-derived within this formalism. 
Based on these theoretical works, EPR-stccring was also 
observed in several experiments with discrete variables, 
based on photon counting and post-selection [n| [23l - [25| . 
In these experiments, past difficulties associated with the 
post-selection procedure and insufficient quantum effi- 
ciencies of photon counters were solved using different 
approaches. 

Applications of EPR-entanglcd states, which are ex- 
plicitly connected to the steering effect, are still largely 
unexplored. However, several applications in the uncon- 
ditional CV Gaussian regime are conceivable. One ex- 
ample might be CV quantum key distribution, where 
EPR-steering could be useful for increasing the secure 
bit rate. Another example might be quantum metrol- 
ogy. Recently, the application of squeezed states in a 
gravitational wave detector was realized [26| . givin g an 
example of unconditional CV quantum metrology [27j. 
Similarly, CV EPR-states are compatible with the un- 
conditional detection concept, which maximizes the ef- 
fective measuring time. For all conceivable applications, 
quantitatively strong nonclassical properties are required 
to significantly overcome the classical limitations. 

Here we report on the continuous and unconditional 
observation of strong EPR steering in the Gaussian 
regime. The EPR steering strength is quantified to 
£ 2 = 0.041 ± 0.005 < 1, where unity is the benchmark 
above which no steering effect is present. This value is, 
to the best of our knowledge, the strongest unconditional 
EPR entanglement measured to date and a more than 
sixfold improvement over previous values [28|. A special 
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FIG. 1: Graphical representation of the continuous- variable EPR steering task. Alice and Bob share an entangled state with 
probability distributions for each quadrature as given by the four broad projections for X and P in red and blue, respectively. 
From a measurement result Xa (solid red line) at her side, Alice can predict the measurement outcome at Bob's detector 
with an uncertainty as given by the dashed red lines. The same applies to a measurement of Pa, as indicated by the blue 
lines. The two narrow Gaussian projections and thus the area enclosed by the orange circle are measures for Alice's ability to 
predict Bob's measurement results. In our experiment, this conditional uncertainty circle has about one fifth the variance of 
the vacuum (black circle), which would be the lower uncertainty limit had Alice and Bob not shared an entangled state. For 
continued measurements, Bob gains the impression that Alice is able to steer his state through his phase space. 



property of our EPR state is its low vacuum state contri- 
bution of just 8%, which is added to the idealized state 
and thus to our steering data. Less than half of this loss 
is due to the non-perfect detection efficiency. The EPR 
entanglement is contained in a well-defined TEMoo mode 
and is therefore ideally suited for possible applications in 
optical networks and high-power laser interferometers. 

The actual steering protocol proceeds as follows. First, 
Alice and Bob agree on a certain continuous sequence of 
measurement time intervals. For each interval, Alice and 
Bob independently perform a local measurement on their 
respective subsystems, A and B. They randomly choose 
to measure one of two non-commuting obscrvables, X 
and P, and each obtain a single measurement result. Af- 
ter a large number of measurements have been performed 
Bob requests Alice's predictions of his results. Prior to 
the sending, she is allowed to apply scaling parameters 
gx and gp to her measurement results Xa and Pa in 
a way she believes that they would improve her predic- 
tions. For about half the intervals, both parties inciden- 
tally chose the same observable and for those the steering 
effect should be visible. 

In order to qualify and quantify the success of Alice's 
EPR-steering, we use the EPR-Rcid criterion [l2| 

4|^=A|| A 1-A|^P<1, (1) 
where I\ 2 B , A — min ffo A 2 (Ob — goO a) is the condi- 



tional variance and A 2 denotes the variance of the ob- 
servable O. The goal for Alice is to minimize the mu- 
tual uncertainty, i.e. the conditional variances. If Alice 
is able to fulfill inequality (p}, Bob will be convinced 
that they indeed share an entangled state. The criti- 
cal value of unity in ([T]) comes from the fact that clas- 
sical correlations between two beams can only be deter- 
mined with at most the accuracy of the vacuum's zero- 
point fluctuations. Throughout this paper, we normal- 
ize the variance of this so-called vacuum noise to unity, 

Figure (TTJ) illustrates the EPR steering task per- 
formed in this work. Shown is the joint two-mode 
quasi-probability distribution of the EPR entangled state 
shared by Alice and Bob. The four broad Gaussian dis- 
tributions give the measurement statistics for measuring 
one or the other non-commuting observable X and P on 
the respective subsystem A or B. The figure further il- 
lustrates the success of our experiment drawn to scale. 
For the cases where Alice and Bob by chance measured 
the same observable, Alice's predictions of Bob's results 
showed a rather narrow mutual uncertainty For both 
quadratures we achieved a conditional variance about 
five times smaller than the minimal uncertainty product 
possible for separable states. This is represented in the 
illustration by the orange circle on the right, compared 
to the black circle. 

Experiment — Figure [5] shows a schematic of our ex- 
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FIG. 2: Schematic of the experimental setup. Two squeezed 
beams coming from a monolithic and a half-monolithic 
squeezed light resonator, MSLR and HSLR, are overlapped 
at a 50:50 beamsplitter, thereby producing a bi-partite EPR 
entangled state. The measurements at Alice and Bob are 
performed by balanced homodyne detection. 



perimental setup. Two squeezed-light resonators (SLRs) 
produced amplitude-quadrature squeezed light fields at a 
wavelength of 1064 nm. These were overlapped with a rel- 
ative phase of 7r/2 on a 50:50 beam splitter, thereby cre- 
ating two-mode squeezing. The quadrature amplitudes 
X and P of the two output modes were detected with 
two balanced homodyne detectors at Alice's and Bob's 
sites. All conditional variances were measured with a 
spectrum analyzer at a Fourier frequency of 5 MHz and 
a resolution bandwidth of 300 kHz. 

We used type I parametric down-conversion in 
periodically-poled potassium titanyl phosphate (PP- 
KTP) to generate the squeezed input fields. The two 
squeezed light resonators differed in that one was mono- 
lithic (MSLR), with cavity mirror coatings directly ap- 
plied to the crystal's curved end faces, while the other was 
half- monolithic (hemilithic) (HSLR), with the cavity be- 
tween one crystal surface and a separate, piezo-actuated 
mirror. In both cases, one crystal surface was highly re- 
flecting at both the 1064 nm fundamental wavelength and 
the 532 nm pump field. The outcoupling mirrors each had 
a power reflectivity of 90% for the fundamental and 20% 
for the harmonic field. Peltier elements were thermally 
connected to both nonlinear crystals and used to temper- 
ature stabilize to the phase-matching condition. The sec- 
ond harmonic pump powers at 532 nm for the parametric 
down-conversion process in the squeezed light resonators 
were about 60 mW. Sub-milliwatt control fields carry- 
ing radio-frequency phase modulations were injected into 
both squeezing resonators through their highly reflective 
mirror coatings. They were used to lock the monolithic 
as well as the hemilithic cavities on resonance by actuat- 
ing the laser frequency and the piezo-driven outcoupling 
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FIG. 3: Variance of the sum and difference of the ampli- 
tude and phase quadratures at Alice and Bob. The traces 
were measured at a Fourier frequency of 5 MHz and are nor- 
malized to the vacuum's zero-point fluctuations, A 2 X vac = 
A 2 P vac = 1. Steering as characterized by the EPR-Reid cri- 
terion is clearly visible, here with scaling parameters gx = 1 
and g P = -1, i.e. A 2 (X A - X B ) ■ A 2 (P A + P B ) < 1. The 
traces were recorded with an RBW of 300 kHz, and VBW of 
300 Hz. Detection dark-noise was 22 dB below the vacuum 
noise and was not subtracted from the measurement data. 



mirror, respectively. The same phase modulations were 
also employed to control the phase of the pump field and 
to lock the homodyne detectors' quadrature angles. A 
small fraction of light was tapped off the main laser beam 
and spatially filtered in a mode-cleaning ring-cavity. This 
beam was then divided to provide about 10 mW local os- 
cillator power for each homodyne detector. 

Results — A bipartite Gaussian entangled state is com- 
pletely defined by its covariance matrix 7. Given the 
entries of 7, the EPR-Reid criterion (QJ can be restated 
as 291 



f 2 



A 2 X B - 



Cov(X A ,X B f 



A 2 X, 



A 2 P E 



Cov(P A ,P B f 
A 2 P A 



(2) 



We performed six different measurements on our en- 
tangled system in order to partially reconstruct its as- 
sociated covariance matrix. These included the am- 
plitude and phase quadratures at Alice and Bob, re- 
spectively, and the cross-correlations A 2 (X A — X B ) and 
A 2 (Pa + P B ). From the latter we were able to calculate 
the covariances between measurements at Alice and Bob 
via the identity 



Cov(Oi,0 2 ) 



A 2 (Oi + 2 ) - A 2 6 1 - A 2 6 2 . (3) 



An example of the measured traces is given in Figure [3] 
These clearly show the EPR steering effect, £ 2 = 0.042 < 
1, where we chose the scaling factors gx — 1 and gp = 
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— 1. The same traces also show the inseparability of our 
system as expressed by the Duan criterion [3(| , A 2 (X^ — 
Xb) + A 2 (Pa + Pb) < 4. From our measurements the 
left side evaluates to 0.41, thus falling below the Duan 
threshold by almost a factor of ten. 

The reconstructed covariance matrix reads 
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where the bracketed values were not measured, but in- 
ferred to zero. This is because the measurement basis 
of non-commuting quadratures was chosen such that it 
matched to the squeezed and anti-squeezed quadratures 
of both input modes. Each entry has an associated rela- 
tive error of about 5%. The P quadratures show roughly 
twice the variance of the X quadratures, which can be at- 
tributed to almost 3 dB more anti-squeezing produced in 
the monolithic squeezed light resonator. Inserting the 
entries of the covariance matrix 7 into Eq. ([5]) yields 
£%\ A = 0.039 for the case where Alice steers the measure- 
ment outcome at Bob's detector. This result is slightly 
better than expected from Figure [31 therefore we con- 
clude that initially, Alice's scaling parameters were not 
perfectly chosen. The reverse setup, £^ B , performs sim- 
ilar with an EPR value of 0.041. 

A comparison of 7 to a theoretical loss model yields 
an overall efficiency intrinsic to our physical system of 
£ = 92%. Internal losses of the squeezed light res- 
onators (about 2.5%), propagation losses (1%) and im- 
perfect mode overlap at the entanglement beamsplitter 
(about 1.4% loss due to a fringe visibility of 0.993) lead 
to an EPR state preparation efficiency of r\ — (95 ±1)%. 
We therefore obtain a homodyne detection efficiency of 
£/t7 = (97 ± 1)%, which is a reasonable value assuming a 
quantum efficiency of our custom made photo-diodes of 
99%, additional propagation losses of 0.6%, and again a 
fringe visibility of about 0.993. 

Discussion and conclusion — In this work we demon- 
strate EPR-steering using continuous, unconditional 
measurements of position- and momentum-like variables. 
Our setup is quite close to the idealized case discussed by 
EPR and Schrodinger in 1935, since our entangled state 
is quite pure, containing an unprecedented small contri- 
bution of the vacuum state of just 8%. 

In recent years a large number of continuous-variable 
demonstrations of EPR steering have been performed. 
Figure 0] presents a timeline of how the strength of the 
steering effect according to Eq. (TTJ) has increased in var- 
ious continuous-variable experiments. A similar graph 
was shown in [20j]. All experiments considered Gaus- 
sian entanglement, so-called two-mode squeezing. The 
first ever demonstration in 1992 by Ou et al. [H achieved 
£ 2 = 0.70 exploiting type II parametric down-conversion. 
In 2001, C. Silberhorn et al. [3l[ improved this value to 
£ 2 = 0.64 by using Kerr squeezing in an optical fiber. 



0.01 1 1 1 1 1 1 

1990 1995 2000 2005 2010 

Year 

FIG. 4: Improvements on the experimental violation of the 
EPR steering inequality (i.e., £ 2 < 1, shaded grey area) over 
time @, GJ, 0, |H, HE El ■ The unfilled boxes represent works 
where no £ 2 values were given by the authors, but have been 
inferred by us from their results. 



Two years later, Bowen et al. reached £ 2 = 0.56 employ- 
ing two squeezed modes generated individually via type 
I parametric down-conversion [TBI ]. In 2004, J. Laurat et 
al. achieved £ 2 = 0.42 [l6l ] , ag ain using a type II process. 
While H. Yonezawa et al. [32| (type I) and Y. Wang et al. 
[28j (type II) did not publish steering values, it is possible 
to infer £ 2 = 0.31 and £ 2 = 0.24, respectively, from their 
measurements of quadrature correlations, taking (possi- 
bly unoptimized) scaling factors gx = 1 and gp = — 1 
into account. In this work we significantly improved the 
strength of the steering effect as quantified by Eq. ([1]) 
to £ 2 = 0.04. This value corresponds to an inseparabil- 
ity according to Duan et al. [30| of 0.41 < 4 and to a 
logarithmic negativity [33|,|34[ of — log 2 (f(j))/2 = 3.3. 

Our improvement is closely linked to the low vacuum 
contribution to our entangled state. During state prepa- 
ration, residual optical loss results in a vacuum state ad- 
mixture of just 5%, attributed to optical losses inside the 
nonlinear squeezing resonators and to propagation and 
mode-matching losses prior to the detector sites. The 
imperfect detection efficiency of our balanced homodyne 
detector results in another 3% admixture of the vacuum 
state. The high detection efficiency of our detector is 
only possible because the EPR entangled state shows a 
high visibility to the spatially filtered and well-defined 
transversal modes of the detectors' local oscillator beams. 
The high quality of the state's spatial mode makes them 
also applicable in more complex optical networks, such 
as in interferometers, where an excellent mode-matching 
is essential to achieve an overall high efficiency. 

A further reduction of the vacuum state contribution 
to an overall value of 5% should be possible with cur- 
rent optical technologies. In this case the f 2 - value would 
drop by another factor of four. The required (single- 
mode) squeezing value of 13 dB was nearly achieved in a 
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recent experiment [35| . Further reducing the optical loss 
lowers the information loss to the environment, which 
is of interest for effective applications of quantum infor- 
mation and quantum metrology. From a fundamental 
point of view, the setting used in this work is able to 
asymptotically approach the original idealized gedanken 
experiment considered by Einstein, Podolsky, Rosen and 
Schrodinger. 
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